Long interspersed nuclear elements-1 (L1s) are highly repetitive DNA elements that are capable of altering the human genome through retrotransposition. To protect against L1 retroposition, the cell downregulates the expression of L1 proteins by various mechanisms, including high-density cytosine methylation of L1 promoters and DICER-dependent destruction of L1 mRNAs. In this report, a large number of p53 responsive elements, or p53 DNA binding sites, were detected in L1 elements within the human genome. At least some of these p53 responsive elements are functional and can act to increase the levels of L1 mRNA expression. The p53 protein can directly bind to a short 15-nucleotide sequence within the L1 promoter. This p53 responsive element within L1 is a recent addition to evolution, appearing B20 million years ago. This suggests an interplay between L1 elements, which have a rich history of causing changes in the genome, and the p53 protein, the function of which is to protect against genomic changes. To understand these observations, a model is proposed in which the increased expression of L1 mRNAs by p53 actually increases, rather than decreases, the genomic stability through amplification of p53-dependent processes for genomic protection.
Introduction p53 is one of the most important tumor-suppressor genes, as indicated by the fact that it is mutant in about half of the solid tumors (Hollstein et al., 1991) . The p53 gene product functions as a sequence-specific transcription factor (Kern et al., 1991) with many target genes (Zhao et al., 2000; Kannan et al., 2001) . Two 10-mer (10 nucleotides (nt)) half-sites, linked by a short spacer region of 0-13 nt, comprise a p53-binding site. The two half-sites have a degenerate, palindromic sequence: 5 0 -RRRCWWGYYY-3 0 , where R represents purines, W represents adenine or thymine and Y represents pyrimidines (Funk et al., 1992; el-Deiry et al., 1992) . On the basis of X-ray crystallography of the p53-DNA complex, the most critical bases in -' are the 6-nt 5 0 -RCWWGY-3 0 , which come into close contact with the core DNA-binding domain of the p53 protein (Cho et al., 1994) .
Normally a short-lived protein, the activity of p53 is triggered by an increased half-life under conditions of cellular stress (Maltzman and Czyzyk, 1984; Lavin and Gueven, 2006) . Typical stresses that activate p53 include insults that lead to mutation, including exposure to chemicals, exposure to radiation and reactive oxygen species created by increased metabolism (Harris and Levine, 2005) . Upon activation, the p53 protein can trigger various responses. For instance, p53 can arrest cell cycle, or initiate apoptosis or cellular senescence. All of these pathways have one common theme: the prevention of alterations in the genome and the propagation of these events. For this reason, p53 has been known as the guardian of the genome (Lane, 1992) .
A known agent of genomic change is retroposition of repetitive DNA elements, such as L1 elements. L1, also known as long interspersed nuclear element-1 or LINE-1, is 6 kb in length and is present 850 000 times within the human genome (Lander et al., 2001) . Although generally silenced by methylation in normal somatic tissues, L1 promoters become demethylated in many tumors, and the L1-ORF1p protein encoded by this element has been observed in tumor samples. L1 elements can amplify their copy number by producing a reverse transcriptase/ endonuclease protein (L1-ORF2p), which copies L1 mRNA and inserts it into a new position within the genome (Babushok and Kazazian, 2007) . Insertion of an L1 into an exon can decrease gene expression (Han et al., 2004) , and insertion of L1s into tumor-suppressor loci would probably hasten tumorigenesis by the inactivation of gene function.
In human tissue culture cells, L1 activity in p53-competent cells can trigger a DNA damage response leading to apoptosis (Haoudi et al., 2004) . Therefore, another method by which p53 may function to protect the genome may be to prevent such insertions. Given the number of pathways that could be activated by p53, the prevention of L1 insertion could occur by various mechanisms, including apoptosis (Haoudi et al., 2004) . A survey of p53 DNA binding sites in the genome uncovered such sites in the L1 element. The hypothesis that p53, which is a DNA-binding protein capable of activating or repressing transcription (Ori et al., 1998; Budhram-Mahadeo et al., 1999; Lee et al., 1999) , might also prevent L1 retroposition by directly repressing the L1 promoter was tested. The experiments presented in this study show that the p53 protein does indeed bind to L1 promoters, but interestingly does not repress L1 transcription; rather, L1 transcription becomes activated by the p53 protein. The binding site for p53 within the L1 DNA is a slightly different motif from that previously described for most p53 responsive elements, in that it is shortened by 5 nt.
Results

Predicted versus observed distributions of p53REs
As noted in the 'Introduction' section, p53 responsive elements generally occur as a pair of 10-mer 'half-site' sequences separated by a spacer of variable length, usually o14 nt. We denote standard half-sites as -'. p53 responsive elements can also have reversed quarter sites; that is, instead of 5 0 -RRRCWWGYYY-3 0 , the reversed sequence is 5 0 -WGYYYRRRCW-3 0 . Such a reversed half-site is found in the promoter of the strongly p53-responsive p21 gene (Resnick-Silverman et al., 1998) . We denote reversed half-sites as '-.
Using a Poisson probability model, we set out to determine spacing between half-sites within the human genome. A total of 732 422 palindromic -' sites were predicted to reside in the human genome, whereas 750 231 were found. Figure 1 shows the observed and predicted frequencies of spacer lengths separating two -'s ( Figure 1a ) and '-s (Figure 1b ). Six frequency peaks were found at spacers of 0, 14, 24, 129, 1895 and 3056 bp, respectively (Figure 1a) , occurring on each of the chromosomes but with substantial variability in frequency (http://variation.yale.edu/genome-p53/). The significance of the spacer frequencies was further confirmed by a wavelet shrinkage analysis, from which random noise was removed (SOM). A non-random pattern was also observed between '-sites with spacers having significantly high relative frequencies at 15, 26, 46, 155, 156 and 157 bp, respectively (Figure 1b) . In contrast, )( was randomly distributed in the human genome, the frequency of which was exactly as predicted by the Poisson distribution. A Poisson distribution was also observed for -' in a randomly shuffled human genome.
When we compared distributions in different species, it became apparent that each species has its own unique frequency peaks in terms of spacer distributions between -' sites. The six peaks in humans stand in sharp contrast to those in mouse, worm and fly genomes. Fly and worm genomes have more peaks than does the human genome. In contrast, the mouse genome is more similar to that of the human in number of peaks, but the peak spacers are of shorter lengths, for example, all are o100 bp (results not presented).
p53REs in retrotransposable elements
On the basis of Repbase Update (RepBase7.40-RepBase14.04), a database for consensus sequences of the transposable elements (Jurka, 2000) , clusters of -' with 14-and 24-bp spacers were found in the longterminal repeat-related sequences of MER41A and 
Abbreviation: LTR, long-terminal repeat. Observed and expected numbers of copies of the primary p53 DNAbinding motif -' identified in the human genome at the six peak spacer frequencies. The spacer sequences were compared with known transposable elements and the number of spacers within each spacer length with homology to the listed transposable elements is provided. a >80% homology. b >85% homology. c >90% homology.
Role of p53 responsive elements CR Harris et al MER4D/1, respectively (Table 1) . These two longterminal repeats, B900 bp in length, are homologous to each other except for a 35-bp sequence at their 3 0 -ends. More than half of the 129-bp spacers between -' were found in the pol domain of HERV-H (Table 1) . Full-length HERV-H is 7713 bp in length, containing the typical components for a retrovirus: two longterminal repeats and the gag, pol and env genes. However, in the human genome, all MERs and HERV-H are fragmented.
The majority of -' with spacers of 1895 and 3056 bp in the human genome were in LINE-1 non-longterminal repeat retrotransposon elements (L1s). The great bulk of L1 elements are fragmented, but unlike MER and HERV-H elements, full-length actively transposing L1s do exist within the genome. L1 elements contain a 5 0 -untranslated region (UTR), two intact open reading frames (ORF1 and ORF2), as well as a 3 0 UTR that ends with a poly(A) tail ( Figure 2 ). The ORF1 encodes an RNA-binding protein, whereas ORF2 encodes an endonuclease, a reverse transcriptase and a cysteine-rich domain of unknown function. The L1s contain -' of both 1895-and 3056-bp spacers with one -' on ORF2, stretching from 5 0 UTR to ORF1 and ORF2 (Figure 2 ).
For the p53 half-sites with '-orientation and separated by 26 bp, we found that 26 bp spacers also occur within L1s and are found in 5 0 UTR, sharing awith -'1895 bp-' (Figure 2 ). The peak spacers of 15, 155, 156 and 157 bp between '-occur mostly in Alu repeats.
It should be noted that another p53 responsive element, with the structure -'(0-nt spacer) -', was recently discovered in repetitive DNA derived from certain human endogenous retroviruses (ERVs) (Wang et al., 2007) .
p53 induces L1 transcription
To determine whether the presence of a p53 responsive element affects L1 transcription, the first 802 nt from the 5 0 -end of L1 were fused to luciferase, and this DNA was cotransfected into a p53-null cell line with DNA encoding either wild-type p53 or a point mutant of p53, which cannot bind to DNA. We had anticipated that p53 might downregulate the transcription of this promoter, given that L1 expression would have the potential to cause mutations in the genome through (1-802)-firefly luciferase fusion plasmid upon cotransfection with plasmids encoding wild-type or mutant p53 were compared by luciferase assay. Twenty-four hours after cotransfection, cells were lysed and both firefly luciferase, which was expressed by the L1 promoter, and renilla luciferase, which acts as a transfection control, were assayed. Expression from L1-luciferase fusions containing mutations in the '-' or '-sites were also tested. (b) Threequarter site within the L1 promoter is shown, relative to binding site for the YY-1, RUNX and SOX transcription factor. (c) Effect of placing the three-quarter site from L1 promoter in front of a pdk4-luciferase promoter fusion. Response of the pdk4 promoter fusion to sequences added from p21 is included for comparison. (d) Levels of full-length L1 transcription produced by stable transfectants of HCT116, which has wild-type p53, in comparison with expression in HCT116 (p53À/À), which has both copies of p53 deleted. To activate p53, the cells were treated with 2 mM camptothecin, or mock-treated with dimethyl sulfoxide (DMSO) before harvesting RNA. RNA was collected after 8 and 24 h after camptothecin or DMSO treatments. The fold-increase in L1 mRNA upon camptothecin treatment is plotted on this graph. The plasmids contain either wild-type L1, or an L1 with a mutation in the 3 4 site. The GGGG site is the mutant site retroposition. Surprisingly, cotransfection of the L1 promoter fusion with wild-type p53 actually resulted in a three-fold induction of transcription from this L1 promoter when compared with cotransfection with a DNA-binding mutant form of p53, p53 (273H) (Figure 3a) . A luciferase fusion to a known p53-responsive promoter, p21, was induced fivefold in the same experiment (not shown). Thus, the L1 promoter functions as a positively regulated p53 promoter, not as a negatively regulated p53 promoter.
The L1-luciferase fusion that responded to p53 contains one of the sites identified by our informatics study: the two '-half-sites, separated by 26 bp. Moreover, these sequences are very close to another sequence previously shown to cause response of the L1 promoter to SOX transcription factors (Tchenio et al., 2000) , indicating that this region can participate in promoter activity. To test whether these sequences were responsible for the p53 response of the L1 promoter, we made point mutations in the promoter fusion plasmid and tested their effects. The first half-site was essential for p53 response (Table 2 and Figure 3a) , whereas the second half-site was not (Table 2) .
Contiguous to the 5 0 -WGYYYRRRCW-3 0 half-site sequence that drives p53 responsiveness of the L1 promoter is another quarter-site for p53 binding: 5 0 -RRRCW-3 0 (Figure 3b ). We denote this sequence as -'-, which makes it a 'three-quarter' site. Threequarter sites were recently found in other p53-responsive genes (Jordan et al., 2008) , and we next determined whether all three of the quarter sites within this 15-nt sequence were important in L1 response to p53. Indeed, this seems to be the case. As shown in Table 2 , replacing C nucleotides from each of the quarter sites individually blocked p53 response of the promoter. We wanted to test whether three-quarter sites function in either orientation; therefore, we replaced the 5 0 -WGYYYRRRCWWGYYY-3 0 sequence with 5 0 -RRRCWWGYYYRRRCW-3 0 . As shown in Table 2 , both orientations appeared to promote L1 transcription equivalently.
To show that the three-quarter site from L1 is sufficient for a p53 response, we placed this 15-nt sequence upstream of the promoter for the pyruvate dehydrogenase kinase-4 promoter in a pdk4-luciferase fusion plasmid. The pdk4 promoter is already responsive to p53 (Figure 3c ), but the presence of the additional 15-nt three-quarter site from L1 greatly increases its activation by p53. For a comparison, we also inserted the two known p53 responsive elements from p21 into the pdk4-luciferase fusion plasmid, and observed a slightly higher increase in p53 response (Figure 3c) .
Transient cotransfection experiments, such as those shown in Figures 3a and c , often overproduce proteins, and might not effectively mimic the effects of other important features of transcription, such as DNA methylation. To test for effects of p53 on the L1 promoter under more physiological conditions, we made a stable L1 transfectant in HCT116, a human colon cell line that has wild-type p53 alleles at the normal sites of the genome. We also made a stable transfectant of the HCT116 (p53À/À) cell line, which is isogenic to HCT116, except that both alleles of p53 have been knocked out genetically (Bunz et al., 1998) . The transfectants contained a full-length L1 allele, with a sequence tag at its extreme 3 0 -end to allow its expression to be examined above the background of other L1 alleles expressed by these cell lines. This full-length L1 gene was not under the control of viral promoters, and instead was under the exclusive control of its endogenous promoter, and transcription termination signals immediately adjacent to the gene prevent adjacent sequences from influencing its expression. To activate p53, the transfected cell lines were treated for 24 h with the DNA-damaging reagent, camptothecin. In the cell line without p53, L1 mRNA was not induced by camptothecin (data not shown), whereas in the cell line with two copies of the p53 gene, L1 mRNA was induced fivefold (Figure 3d ). The amount of induction of L1 is actually higher than that of GADD45a, which was induced 3.5-fold in the same experiment (data not shown). These data indicate that L1 expression can be induced by camptothecin in a p53-dependent manner.
p53 interacts with L1 in vitro An electrophoretic mobility shift assay was carried out to determine whether the three-quarter site within the LINE-1 promoter could be bound by a purified p53 protein in vitro. We synthesized DNA corresponding to nt 427-523 from the 5 0 -end of L1. The ability of an L1 sequence to bind to p53 was compared with that of a sequence within the third intron of GADD45, a wellestablished, p53-responsive element (Hollander et al., 1993) . The p53 responsive element from GADD45 has a more prototypical 'four-quarter'-binding site, with no spacer between the two 10-mer half-sites. As seen in Figure 4 , the presence of p53 causes the LINE-1 sequence to shift in apparent molecular weight, indicative of p53 binding. Specific binding is further shown by competition with non-radioactive self-probe and by a Role of p53 responsive elements CR Harris et al supershift on addition of a monoclonal antibody against p53. The apparent affinity of p53 for LINE-1 seems less than that of the GADD45 response element, yet these data show that p53 can bind to LINE-1 sequences.
p53 interacts with L1 promoters in a whole cell assay We assayed p53 binding to L1s using chromatin immunoprecipitation. To make the assays robust, we focused on L1 elements that were immediately adjacent to unique, non-repetitive sequences. Using antisera specific for p53 on extracts of H1299/V138, a human lung cell line containing a temperature-inducible allele of p53 (Pochampally et al., 1999) , we found that p53 coimmunoprecipitated the 5 0 -ends of the three L1s (Figures 5a-c) . Other than the 5 0 -p53REs present within these L1s, there are no other p53-binding sequences within 500 nt. The binding of p53 to L1 elements may depend on the local chromatin structure. For instance, p53 did not appear to bind to another L1 element, as shown in Figure 5d . As a positive control, we showed that under the same conditions, p53 immunoprecipitated a segment of the p21 gene, which harbors p53REs in the promoter region (Figure 5e ). A control antibody raised against green fluorescent protein (GFP) did not Binding of p53 to L1 sequences in whole cells. Cells from the H1299/V138 cancer cell line were incubated at 32 1C for 7 h to induce p53 activity then briefly treated with formaldehyde to crosslink chromatin to DNA-binding proteins. The isogenic H1299 cell line does not express p53 and is included as a negative control. A chromatin immunoprecipitation reaction using p53 or GFP antisera was then performed as described in the 'Materials and methods' section. The immunoprecipitated DNA was probed for specific L1 sequences, as well as for a p21 waf1/cip1 positive control sequence and negative control sequences using PCR. Accession numbers for each are given in parentheses. immunoprecipitate the same sequences ( Figure 5) . Furthermore, the p53 sera did not immunoprecipitate the positive control p21 sequence in the p53-null cell line H1299, nor did they immunoprecipitate negative control sequences that were known to contain no p53REs (Figures 5f and g ).
Three-quarter sites in L1s are a recent acquisition
To determine the age of the p53-binding sites in L1, we compared consensus sequences of the six youngest L1 subfamilies (Khan et al., 2006) , dating back to B40 million years ago, to determine the presence or absence of p53REs. As shown in Figure 6 , the upstream p53-binding site located in 5 0 UTR did not appear until B20 million years ago, with the emergence of L1PA3. It resulted from several mutations: a two-base transversion of AG-CT to create the -' half-site, and another G-C transversion to create the '-half-site. However, 16 of the other 17 nt within these two half-sites, as well as the '-half-site closer to the 3 0 -portion of this element, were present as earlier as L1PA6. To confirm the emergence of the upstream p53-binding site sequence before speciation of the African primates, we identified its presence in multiple full-length chimpanzee L1s available in GenBank (data not shown).
Discussion
We have previously designed and reported a computational method to identify p53 responsive elements of the structure -' spacer -', with 0-14-nt spacers between the palindromic sequences, in both human and mouse genomes. This algorithm, p53MH (Hoh et al., 2002) , showed B4500 sequences, and identified several novel p53 responsive genes. To extend that analysis, we examined 2 kinds of 10-mer palindromes and found 6 spacers of 0, 14, 24, 129, 1895 3056 bp between -' p53RE half-sites and 15, 26, 46, 155, 156 and 157 bp between '-occurring with significantly high frequencies in the human genome. Nearly all of the spacer peaks appear because of the presence of half-sites within repetitive elements. For many of these sequences within repetitive elements, we detected no response to p53. For instance, the more 3 0 -half-site of the '-pair separated by 26 bp had no effect on the p53 response of the L1 promoter (Table 2) .
However, as we tested repetitive element promoters for response to p53, we discovered a transcriptional response by L1 that derived not from one of the pairs of widely spaced half-sites, but from a three-quarter site that fell within that pair of half-sites. Among the L1 subclasses, only the most recent L1PA1 subclass is currently active for retroposition. Three-quarter sites for p53 binding are thus part of potentially active L1 elements (so called 'hot' L1s) that belong to the youngest L1 retrotransposon family (Brouha et al., 2003) . An oligonucleotide containing promoter sequence from L1, mimicking those in the full-length 'hot' L1s was constructed. Using a gel shift assay, the p53 protein was found to have a high affinity to this L1 sequence (Figure 4 ). p53-L1 binding was further confirmed in whole cells by chromatin immunoprecipitation ( Figure 5 ). To explore the functional significance of these retroposon-associated three-quarter sites, the L1 transcript levels both in promoter fusions and in transcripts from the full-length L1 gene was measured. The L1 mRNA expression was elevated as much as fivefold on activation of p53 (Figure 3) . Mutations that destroyed the three-quarter site reduced p53-dependent induction of transcription (Figure 3) .
It was surprising that p53 would increase the transcription of L1 elements, because this might suggest that p53 increases the spread of these retroposons, whereas we generally consider p53 as a protein that prevents genomic changes. However, when considering 'selfish' DNA elements such as L1s, one should consider whether a given property is advantageous to the DNA element, to its host or to both. It seems important to note that most selfish elements prefer to function within the cells of the germ line, and that L1s appear to be no exception as their expression and movement is mainly detected within the germline tissue (Ostertag et al., 2002) .
On the basis of the results presented in this study, we propose a model by which p53 might help to limit transposition in somatic cells but not in the germ line. In this model, p53 would have no effect on transposition in the germ line, as p53 fails to be functional in the germ line so as to allow recombination intermediates to occur without stimulating apoptotic responses. Similarly, intermediates in the retroposition of L1 could be produced at this time, without the risk of activating DNA damage response pathways. However, p53 is functional in somatic cells, and responds strongly in these cells to the presence of double-stranded breaks in the chromatin, such as those that would be created by endonuclease activity of the L1-ORF2 protein (ORF2p). As we have shown, p53 activates L1 transcription, which in turn would create even more ORF2p, more doublestranded breaks and more p53 activity. Thus, a positive feedback loop would be created, which would amplify not only the amount of DNA damage but would also amplify the p53-mediated DNA damage response. Eventually, sufficient DNA damage would be produced Role of p53 responsive elements CR Harris et al to result in apoptosis, which would destroy the cell. Such a mechanism would reduce L1 transposition in somatic cells.
Other mechanisms of L1 regulation, most notably DNA methylation, are important for the germ linespecific transposition of L1s (Woodcock et al., 1997) . Methylation of cytosines within somatic cells induces a closed chromatin structure, upon which transcription factors such as p53 cannot access the DNA (Lorincz et al., 2004) . Cytosine methylation can be lost at discrete sites within somatic cells in tumors, and if a given L1 becomes hypomethylated, transcribed and translated, p53 could provide a method by which to limit the DNA damage caused by such a 'rogue' L1 element. Interestingly, an enzyme required to re-establish cytosine methylation, DNMT1, can bind directly to p53 (Esteve et al., 2005) . If double-stranded breaks created by L1s are increased by a small amount because of loss of methylation, it is possible that re-methylation of the responsible rogue L1 could occur with great specificity through the recruitment of p53, and co-recruitment of DNMT1, to p53REs. However, if levels of doublestranded breaks become too high, p53 levels would increase, more L1 expression and DNA damage would result, and apoptosis would ensue. Differing responses of repair or apoptosis, depending on the degree of DNA damage, is a theme that occurs many times within p53 biology (Jin and Levine, 2001; Bensaad and Vousden, 2005) .
The ability of three-quarter sites to function in L1s and in other genes raises interesting questions about p53 biology. It has been shown previously that a p53 responsive element within another class of repetitive elements, derived from ERVs, can affect p53 response of the nearby genes (Wang et al., 2007) . As these ERVderived sequences are B40 million years old and are no longer transposing, the ERV-derived responses to p53 should be common for all humans. Conversely, L1 retroposition continues to take place. Although the rate of L1 retroposition is quite low, many new L1s have nevertheless been created over the past several 1000 years and could introduce diversity in p53 responses between humans, including p53-influenced processes, such as tumor formation, longevity and fertility (Donehower, 2005; Hu et al., 2007) .
Materials and methods
The genome-wide results of p53 responsive elements are available at the website http://linkage.rockefeller.edu/p53-genome.
Electromobility shift assays
Bacterially expressed 6xHis-p53 protein was purified by Ni-NTA-agarose chromatography. After 30 min of incubation with a DNA probe at room temperature, mixtures were subjected to electrophoresis on a 4% polyacrylamide gel (29:1 acrylamide/bisacrylamide) containing 0.5 Â Tris-borate-EDTA (ethylenediaminetetraacetic acid) buffer at 165 V for 1.25 h at room temperature. The gel was dried and exposed to the Kodax Biomax MR film (Kodak, Rochester, NY, USA). Sequences of DNA probes were GADD45: 5 0 -GTAGCTGA TATCGAATTCTCGAGCAGAACATGTCTAAGCATGCT GGGCTCGAGAATTCCTGCAGCC-3 0 and LINE-1: 5 0 -GA GGCTGGGGGAGGGGCGCCCGCCATTGCCCAGGCTT GCTTAGGTAAACAAAGCAGCCGGGAAGCTCGAACT GGGTGGAGCCCACCACAGCTCAAGG-3 0 .
Plasmids
Plasmids encoding wild-type human p53 under the control of the CMV promoter, or the mutant p53-273H, were a gift from Dr Z Feng (University of Medicine and Dentistry of New Jersey). The 848-pdk4 plasmid, encoding a pdk4-luciferase promoter fusion, was provided by Dr R Harris (Indiana University School of Medicine) and has been described previously (Kwon et al., 2006) . The plasmid 99PUR-RPSeGFP was a gift from H Kazazian (University of Pennsylvania) and has been described previously (Ostertag et al., 2000) . The CMV promoter was removed from the 99PUR-RPSeGFP plasmid by eliminating the small BstBI fragment.
To generate an L1-luciferase fusion plasmid, the first 802 nt of the L1 promoter were amplified from 99PUR-RPS-eGFP by PCR, using 5 0 -CCCCACGCGTGCTCCGGTCTACAGCTC CCAGCGTGAG-3 0 and 5 0 -CCCCAAGCTTCTGGTTGTTA GTTTTCCTTCTAAC-3 0 as primers. The PCR fragment was digested with MluI and HindIII, then ligated into the same sites of the plasmid pGL3-Basic (Promega, San Luis Obispo, CA, USA).
Point mutations were introduced into plasmids using a Quikchange II XL Kit (Stratagene, Torrey Pines, CA, USA). Sequences of mutagenic oligonucleotides are provided in Supplementary Table S1 .
Gene expression assays
To assay an L1-luciferase fusion gene, cotransfection of HCT116 (p53À/À) cells was performed using the L1-luciferase plasmid along with plasmids encoding either wild-type p53 or p53-273H. The plasmid pRL-SV40 (Promega) was also used to normalize the transfection levels between experiments. A total of 4mg of DNA was combined with 10 m of Lipofectamine 2000 (Invitrogen, Carlsbad, CA, USA). The ratio of p53 plasmid to L1-luciferase plasmid to pRL-SV40 (Promega) was 5:1:0.01. Twenty-four hours after cotransfection, the cells were washed, lysed and assayed using a Dual Luciferase Reporter Kit (Promega) as recommended by the manufacturer.
To assay the full-length L1 gene, isogenic cell lines HCT116, which has two wild-type copies of p53, and HCT116 (p53À/À) (Bunz et al., 1998) , which has both copies deleted, were transfected with a plasmid containing full-length L1 gene with a 3 0 -sequence tag, or with the plasmid containing a mutant 3 4
site. Transfections were performed using Lipofectamine 2000 (Invitrogen) as recommended by the manufacturer. Transfectants were selected for puromycin resistance pooled, and passed at least four times, but not more than ten times. Transfectants were exposed to 2 mM camptothecin (Sigma, St Louis, MO, USA) for up to 24 h, or mock-treated with dimethyl sulfoxide. RNA was prepared using an RNeasy kit (Qiagen, Valencia, CA, USA), and converted into cDNA using reverse transcriptase (Applied Biosystems, Foster City, CA, USA). cDNA quantitation was performed by real-time PCR using SYBR green reagent and a Prism 7500 instrument (Applied Biosystems). Primers used to assay the L1 mRNA were 5 0 -GGGGGTGTTCTGCTGGTAGTGGTC-3 0 and 5 0 -AAGCAGAAGAACGGCATCAAGGTG-3 0 , which are specific to the sequence-tagged mRNA produced by the plasmid.
